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 1 
Abstract 
For high speed marine vessels, waves can pose a significant risk, exerting large stresses on the 
structure of the vessels as well as large G forces on their occupants. A purpose-built vessel that 
incorporates suspension with significant travel was developed at Lehigh University as a novel 
solution. Various suspension components of the full-scale vessel are designed and built to further 
the progress of the project. The tri/quad pods that make up part of the suspension, and the antiroll 
bars are analytically optimized to minimize weight whilst retaining adequate strength. The pivot 
joints between the tri/quad pods and the sponsons, and the joints between the suspension arms 
are designed and built. A method of increasing the functionality of a plasma cutter is developed 
and used to profile tubes for the suspension arms, leaving them in near net shape and easing the 
fabrication of the suspension arms. A jig is then created to facilitate the fabrication of the 
suspension arms. 
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1 Introduction 
1.1 Project Background 
In the offshore environment waves can be a significant limitation on the speed of marine vessels. 
When boats collide with waves at high speed, the resulting slamming loads can exert large forces 
on the structural components of the vessels which can lead to failure. Similarly, the slamming 
loads can exert large G forces on the passengers onboard the vessels, which can lead to injury 
and even incapacitation. Traditional approaches to dealing with high slamming loads and their 
effects on passengers have mainly focused on hull design and incorporating suspended seats. 
While these methods are effective to an extent, they both have their limitations. Suspended seats 
are limited in their travel, and deep V hull designs can still result in high slamming loads. A 
novel approach to reducing the slamming loads experienced by both the vessels and their 
occupants is to incorporate suspension technology similar to that used on land-based vehicles 
like cars and trucks. The Lehigh University Composites Lab has been developing such a vessel 
[1-6]. It is designed specifically for the purpose of reducing slamming loads experienced at high 
speeds in rough sea conditions. It is comprised of a carbon fiber composite fuselage with four 
sponsons connected to it by a novel suspension design illustrated in Figure 1 and Figure 2. 
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Figure 1- Computer model of the suspension boat (side view) 
 
 
 
Figure 2- Computer model of the suspension boat (top view) 
 
The suspension is made up of eight tri/quad pods. Two are necessary for each sponson; one to 
support a pivot connected to the front of the sponson, and the other to support suspension arms 
connected to the rear. These allow each sponson to rotate, as illustrated in Figure 3, absorbing 
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the impact of the waves. This is similar to what is known as swing-arm suspension, commonly 
used on the rear end of motorcycles. 
 
Figure 3- Sponson motion 
 
The tri/quad pods are an important component of the suspension system because of their function 
in supporting the sponsons. Beyond this they also support the springs and dampers (coil-over 
shocks) which dampen the motion of the sponson, allowing them to absorb some of the impact of 
the waves. This requires the tri/quad pods to be able to withstand large loads and maintain 
structural integrity in different scenarios, even beyond normal operation, such as in the case of 
severe roll. These can be modelled as various load cases. The tri/quad pods will be the first of 
two tubular components that this thesis will focus on. 
A second tubular component that this thesis will consider is the design of an antiroll bar for the 
suspension boat. On land-based vehicles, antiroll bars help reduce roll when cornering. Similarly, 
the suspension boat will incorporate this to reduce roll, which is particularly important at high 
speed. 
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1.2 Objective 
The aim of this thesis is to continue the work of previous students in furthering the design of the 
suspension boat. In particular: 
• To use a theoretical approach to design the tri/quad pods, ensuring sufficient strength for 
the various load cases, while optimizing for weight. 
• To use a theoretical approach to design the antiroll bar, ensuring the appropriate roll 
stiffness, while optimizing for weight. 
• Performing Finite Element Analysis (FEA) to validate the theoretical approach used to 
design the tri/quad pods. 
• To discuss the fabrication of the various suspension components that have been made, as 
well as the plans for future parts. 
 
1.3 Organization 
This thesis is arranged into five separate chapters: 
Chapter 1 – The High-Speed Suspension Boat project is introduced, and with this background 
the thesis objectives are defined. 
Chapter 2 – Theoretical context is provided as the mechanics behind the design of compression 
loaded tubes and antiroll bars, respectively, are presented. 
Chapter 3 – The theoretical optimization approaches are discussed and implemented. 
Chapter 4 – FEA is performed to evaluate the effectiveness of the approach utilized to optimize 
the tubes. 
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Chapter 5 – The fabrication and future fabrication plans of the individual tubular and non-tubular 
components of the tri/quad pods and the suspension arms are discussed. 
Chapter 6 – The work performed is summarized, conclusions are derived, and suggestions for 
future work are presented. 
 
  
 7 
2 Theoretical Background 
2.1 Thin Walled Tubes under Compression 
As previously mentioned, the quad/tri pods are the main support for the suspension system. They 
locate the sponsons and are the main link that attaches them to the fuselage of the boat. This 
function requires that they are strong enough to withstand the slamming loads of the waves, as 
well as other extra-operational scenarios that may occur such as side impacts or roll overs. To 
achieve this, the tri/quad pod design was found to be an effective way of supporting the 
sponsons. The individual members that make up the tri/quad pods start at a single point at the 
pivot on the front of the sponson, and near the rear end of the sponson, and splay outward with 
their ends connected to the center hull, as illustrated in Figure 4. This triangulation of the 
members is efficient in terms of strength and stiffness.  
With an effective design identified, the next critical step is to minimize the mass of the tri/quad 
pods while retaining sufficient strength. Considering the cost of more exotic materials such as 
carbon fiber, and the weight involved with other cross-section designs, a good choice for the 
members of the tri/quad pods are thin walled stainless steel tubes. These are effective due to their 
strength to weight ratio. They are also appropriate because they can be easily designed to avoid 
both yield and buckling, the failure modes we are most concerned with, whilst minimizing 
weight, simply by changing their cross-sectional geometry. Steel tubes are also convenient 
considering their commercial availability, as well as their relative ease to work with. They can 
easily be cut to shape and welded together to form the tri/quad pods. Where they connect to the 
fuselage, stainless-steel bungs will be welded to the ends of the tri/quad pods. These will be 
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bolted to the fuselage. On the other ends of the tri/quad pods, near the front ends of the sponson, 
the tubes will terminate at a stainless-steel hub which will house the spherical bearings that will 
allow the sponson to pivot or rotate. Again, the tubes will be welded to the hub. Special attention 
is needed in picking the material due to the corrosive effect of sea water, in which the boat will 
operate, in addition to the other requirements such as strength and weight. 
 
 
Figure 4- Quadpod design 
 
The equations for the stress and force exerted on the members due to external loads on the 
tri/quad pods are as follows: 
  Yield Stress 𝜎 = 𝐹𝐴 = 𝐹𝜋(𝑅( − 𝑟()	 	≤ 𝜎. (1) 
    
  Euler Buckling Force 𝐹 = 𝜎𝐴 ≤ 𝜋(𝐸𝐼𝐿( = 𝐹2 (2) 
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In addition to yield and buckling due to compressive forces, the members can also fail due to a 
different kind of buckling, namely localized buckling. The equation for the localized buckling 
stress is as follows: 
  Localized Buckling Stress 𝜎 ≤ 𝐸𝑡2𝑅	 = 𝜎2 (3) 
 
2.2 Antiroll bars 
Antiroll bars (also known as roll bars, antisway bars, sway bars and stabilizer bars) are designed 
to reduce body roll in vehicles as they turn. Excessive roll reduces the drivability of the vehicle. 
Their use also improves vehicle handling, keeping the wheels of the vehicle in contact with the 
road surface and ensuring traction. These help the driver maintain control of the vehicle. Their 
simple design as well as their effectiveness have made them commonplace in today’s automobile 
market, and their use is widespread, being prevalent in most consumer vehicles such as family 
sedans, SUVs and trucks as well as racecars, regardless of their different suspension and 
drivetrain configurations.  
 10 
 
Figure 5- Typical antiroll bar design (Annotated. Original Image by Evan Mason, distributed under a CC-BY-SA 3.0 License)  
 
Antiroll bars are made up of a U-shaped bar that spans the width of the vehicle connecting the 
suspension arms on either side, often both on the front and rear wheels of the vehicle. The bar is 
often connected to the chassis of the vehicle by mounts that have bushings to allow the bar to 
rotate. The ends of the bars can be thought of as lever arms, and are attached to links that are in 
turn attached to the suspension arms or solid axles of the vehicle. It is not uncommon for car 
manufacturers to do the opposite as well, attaching the bar to the axle and its ends to the chassis. 
Antiroll bars also vary widely in their design from vehicle to vehicle since they are often 
designed around other more critical components which also differ widely between vehicles. This 
is necessary considering the wide range of drivetrain and suspension packages that antiroll bars 
are used on. They are found on vehicles with half axles that use A-arm/wishbone and 
MacPhersons strut suspension, as well as solid axles with four link, trailing arm and leaf springs 
to name a few. 
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The primary purpose of an antiroll bar is to resist the relative vertical motion of the two wheels it 
is attached to at its ends. When both wheels go over a bump the antiroll bar is inactive since both 
of its ends move up by the same amount. When the vehicle drives over a bump with one wheel, 
drives on uneven ground or deviates from straight line motion the antiroll bar becomes active. 
The function of an antiroll bar is best explained in the case of the vehicle driving around a bend. 
In this case the vehicle is essentially accelerating towards the center of the bend. This is known 
as the centripetal acceleration. Because of this, an effective "centrifugal force" arises, acting in 
the opposite direction away from the center of the bend. This is an apparent force that acts on the 
vehicles center of mass due to its inertia. Since the center of mass is above the roll center of most 
vehicles, there is a resultant moment illustrated in Figure 6. 
 
 
Figure 6- Forces and moments acting on a vehicle as it drives around a bend (Annotated. Original Image by Brian Snelson, 
distributed under a CC-BY-2.0 License) 
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This moment compresses the springs on the outside of the vehicle, whilst extending the springs 
on the inside. This is referred to as roll of the vehicle. The antiroll bar counteracts this since its 
one lever arm is moved up while its other end is moved down, effectively twisting it.  
The antiroll bar’s resistance to this adds roll stiffness. The stiffer the antiroll bar is, the higher its 
resistance to roll is, and the flatter the vehicle will be as it drives round a bend. This makes the 
resulting roll stiffness the most important characteristic of the antiroll bar and the primary 
consideration behind its design. The other characteristics engineers are concerned about is 
weight and strength. Designers need to optimize the antiroll bar, ensuring the appropriate roll 
stiffness and strength whilst minimizing weight, and lastly making sure that its movement 
doesn’t interfere with the function of other parts of the vehicle. 
 
 
Figure 7- Twisted antiroll bar 
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The roll stiffness of a simple antiroll bar can be derived from the equations of the roll angle and 
roll moment exerted on the antiroll bar (illustrated in Figure 7). 
  Vehicle Roll Angle ∅ = 2𝛿𝐿  (4) 
 
  Antiroll Bar Roll Moment 𝑀 = 𝐹𝐿 (5) 
 
With these two equations, and knowing that the force applied by the vehicle’s roll on the antiroll 
bar will be equal and opposite to the force the antiroll bar exerts on the vehicle, the roll stiffness 
of the vehicle due to the antiroll bar can be calculated.  
Vehicle Roll Stiffness Due 
to the Antiroll Bar 
𝑘9:; = 𝑀∅ =	𝐹𝐿(2𝛿  (6) 
 
The angle of twist, and the resulting torque in the antiroll bar are as: 
  Antiroll Bar Twist Angle 𝜃 = 	2𝛿𝑙  (7) 
 
Antiroll Bar Torque 𝑇 = 	𝐺𝜃𝜋(𝑅@ − 𝑟@)2𝐿 = 𝐹𝑙 (8) 
  
Combining these equations and substituting into equation 6 results in the roll stiffness of the 
antiroll bar: 
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Antiroll Bar Roll Stiffness 𝑘9:; = 	𝐺𝐿𝜋(𝑅@ − 𝑟@)2𝑙(  (9) 
 
When designing for the appropriate antiroll bar roll stiffness, the roll stiffness of the vehicle due 
to its springs and the overall desired roll stiffness are needed. The roll stiffness of the antiroll bar 
should then make up the difference between the vehicles roll stiffness due to its springs and the 
desired roll stiffness. This can be represented by the following equation: 
 
  Roll Stiffness Relation 2𝑘9:; = 𝑘ABCDEBA − 2𝑘CFEDGHC (10) 
  
Where 𝑘9:; is the roll stiffness that one out of two antiroll bars contribute, and 𝑘CFEDGHC is the 
roll stiffness that two springs (one axle of a vehicle) out of four contribute. This relation assumes 
that the springs all have equal rates, and that both front and rear antiroll bars have the same roll 
stiffness.  
The roll stiffness of the vehicle due to its springs can now be considered. The force needed to 
roll the vehicle through a specific roll angle can be calculated from the spring stiffnesses and 
their change in length as they extend or compress while the vehicle drives around a bend. The 
spring stiffness for an individual spring will be defined as	𝑘C. This is then used to derive the roll 
moment, which is then used to calculate the equation for the roll stiffness of the vehicle due to its 
springs. The final equation for the roll stiffness of the vehicle due to its springs becomes: 
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 Spring Roll Stiffness 𝑘CFEDGHC = 𝐿(𝑘C2  (11) 
 
The antiroll bar roll stiffness equation derived above is for an antiroll bar with a simple design. 
As mentioned before, because of packaging, antiroll bars often have more complex designs. 
Their lever arms are often not perpendicular to the main bar, and are often made of the same 
material and contribute to the roll compliance (inverse of roll stiffness). Bends are commonly 
used to clear other parts of the vehicle, which complicate the calculations further. However, the 
antiroll bar that will be used on the suspension boat is of this simple design illustrated in Figure 
7. 
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3 Theoretical Optimization 
3.1 Compression Loaded Thin Walled Tubes 
When optimizing for the most suitable cross-sectional geometry for a compression loaded tube, 
as noted before, the yield, Euler (global) buckling and local buckling need to be considered. 
From the equations of these noted in the previous section (equations 1-3), constraint equations 
can be derived by incorporating the thin walled approximation and solving for the tube thickness 
t. The thin walled approximation can be applied in this situation because the thicknesses of the 
tubes that are being considered are expected to be significantly smaller than their outer radius 
(𝑡 ≪ 𝑅). Incorporating this approximation affects the area and moment of inertia. 
 
Effect on Area 𝑅( − 𝑟( = 𝑅( − (𝑅 − 𝑡)( = 	𝑅( − 𝑅( + 2𝑅𝑡 − 𝑡( 	≈ 2𝑅𝑡 (12) 
 
Effect on Inertia 𝑅@ − 𝑟@ = 𝑅@ − (𝑅 − 𝑡)@ = 	𝑅@ − 𝑅@ + 4𝑅M𝑡 + ⋯	≈ 4𝑅M𝑡 (13) 
 
When these are substituted into equations 1-3 and solved for the thickness, three constraint 
equations are obtained: 
  Yield Constraint Equation 𝑡. > 𝐹2𝜋𝑅𝜎. (14) 
 
  Euler Buckling Constraint Equation 𝑡2 > 𝐹𝐿(𝐸(𝜋𝑅)M (15) 
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  Localized Buckling Constraint Equation 𝑡P > Q 𝐹𝜋𝐸 (16) 
 
Lastly a physical constrain equation can be derived: 
  Physical Constraint Equation 𝑡FR.C < 𝑅 (17) 
 
The four constraint equations are then plotted on a t vs. R graph. Additionally, curves calculated 
from constant masses are also plotted. The lowest tube mass that will satisfy the yield and 
buckling requirements can be identified in this way, and t and R combinations can be picked 
from the resulting curve.  
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Figure 8- Thin walled tube optimization of 316L stainless steel 
 
This was performed for 316L stainless steel with material properties: sy = 380 MPa, E=193 GPa, 
ρ=8000 kg/m3 (annealed cold drawn bar) with F=200 kN and L=0.75 m. The results are 
illustrated in Figure 8. In this particular case, any tube with 15.2 mm <R< 145.9 mm, and t given 
by equation 14 will fulfill all constraints and have the same mass (3.16 kg). This is fortunate 
since a standardized tube that is close to optimal is likely available. 
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3.2 Antiroll bar 
The optimal design of the antiroll bar has two components to it. The first is the material. The 
appropriate material is one that can provide an adequate roll stiffness and strength without 
incurring too much weight. The second component is the appropriate cross-sectional geometry of 
the bar. The suitable design will have an outer tube radius and thickness that will be lightweight 
and yet provide adequate roll stiffness and strength.  
 
3.2.1 Material  
Assuming that the thickness t of the tube is much smaller than its outer radius (𝑡 ≪ 𝑅), the mass 
of the tube can be approximated as: 
 
  Tube Mass 𝑚 = 2𝜋𝑅𝑡𝐿𝜌 (18) 
 
and the roll stiffness as:  
  Roll Stiffness 𝑘 = 𝐺𝜋(𝑅@ − 𝑟@)𝐿2𝑙( ≈ 2𝐺𝜋𝑅M𝑡𝐿𝑙(  (19) 
 
The shear strain in the antiroll bar must be less than the material's failure strain gcr in shear:   
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  Critical Shear Strain 𝛾WE ≥ 2𝛿𝑅𝑙𝐿  (20) 
 
Considering this, the largest radius R of the tube before shear failure occurs is: 
  Max Radius 𝑅 = 𝛾WE𝑙𝐿2𝛿  (21) 
 
From equations 18 and 19 it is clear that the lightest antiroll bar with the required stiffness will 
be obtained for the largest possible radius. Thus, incorporating equation 21 into equation 19 
yields:  
 
 Roll Stiffness  𝑘 = 𝜋𝐺𝛾WEM 𝐿@𝑡𝑙4𝛿M  (22) 
 
If there is a known or desired antiroll bar roll stiffness 𝑘9:;, this can then be used to derive an 
equation for t. 
  Tube Thickness 𝑡 = 4𝑘9:;𝛿M𝜋𝐺𝛾WEM 𝐿@𝑙 (23) 
           
The derived equations for t and the maximum radius R can then be substituted into the mass 
equation (18) resulting in: 
  Tube Mass 𝑚 = 4𝑘9:;𝛿(𝜌𝐺𝛾WE( 𝐿(  (24) 
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Assuming von Mises yield, the relation between yield strain and tensile yield stress is 
  Shear Strain 𝛾WE = 𝜏WE𝐺 = 𝜎WE√3𝐺 (25) 
 
This is substituted into the mass equation (24), and if we assume that the values for L, 𝛿 and 𝑘9:; are known, then these can be separated into a constant C and the material properties that 
change as we consider different materials can be highlighted (K). 
 
  Tube Mass 𝑚 = 12𝑘9:;𝛿(𝜌𝐺𝜎WE( 𝐿( = ]12𝑘9:;𝛿(𝐿( ^ _𝜌𝐺𝜎WE( ` = 𝐶 _𝜌𝐺𝜎WE( ` = 𝐶𝐾 (26) 
  
From this equation it can noted that, in order to minimize the weight of the antiroll bar, the 
quantity K needs to be minimized. In Table 1 the value K was calculated for various metals and 
compared.  
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Table 1- Comparison of material properties for common antiroll bar metals [7] 
Material ρ (kg/m3) G (GPa) sy (MPa) K (s2/m2) 
4130 N Chromoly 
Annealed at 870°C 
  
7850 80 435 0.00331880 
4340 Chromoly 
Oil quenched at 845°C 
  
7850 82 938 0.00073160 
6061-T6 Aluminum 
 
  
2700 26 276 0.00092155 
7075-T6 Aluminum 
 
  
2810 26.9 503 0.00029987 
Ti-6-4 Titanium 
Grade 5 Annealed 
  
4430 44 880 0.00025170 
5160 Alloy Steel 
Oil quenched at 830°C 
  
7850 80 765 0.00107309 
6150 Alloy Steel 
Oil quenched at 845°C 
  
7850 80 896 0.00078224 
1065 Carbon Steel 
Cold drawn, spheroidized, annealed 
  
7850 80 490 0.000261558 
1090 Carbon Steel 
Cold drawn, spheroidized, annealed 
  
7850 80 540 0.00215364 
 
From these results it is clear that the most appropriate metal for the antiroll bar is Ti-64 titanium. 
The antiroll bar will be housed within the tubes of the tripods and with adequate seals in place, 
the sea water corrosion issue that applies to the tri/quad pods is not as significant an issue to the 
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antiroll bar. However, considering cost and commercial availability, 4340 alloy steel may be a 
decent compromise over some of the better performing materials in the comparison. 
 
3.2.2 Cross-section 
With the material optimized, the cross section of the antiroll bar is dealt with next. For a given 
material (gcr and G fixed) and a given vehicle (L fixed), if the maximum suspension travel d 
(=half of the total stroke) and the antiroll bars contribution to roll stiffness kARB are known, then 
R from equation 21 and t from equation 23 are calculated. The control arm length l can be chosen 
arbitrarily without affecting the mass since R~l, t~1/l and m~Rt. As an example this was done for 
4340 alloy steel with material properties: 𝜎"=938 MPa, G=82 GPa, ρ=7850 kg/m3 (oil quenched 
at 845°C) and with 𝑘9:;=80,000 Nm/deg, L=2.4 m, d=0.2 m at varying arm lengths. The results 
in Table 2 show the optimal t and R that result in the desired roll stiffness whilst also satisfying 
the shear requirements at different arm lengths.  
 
Table 2- R and t combinations at varying arm lengths l 
Arm length l (cm) 40 50 60 
Outer Radius R (mm) 15.9 19.8 23.8 
Thickness t (mm) 2.6 2.1 1.7 
Mass m (kg) 4.87 4.87 4.87 
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3.3 Spring and Coil-over Shock  
The antiroll bar roll stiffness 𝑘9:; that was used in the previous section was calculated from the 
spring combination that will be used on the boat using equation 10.  Fox factory 2.5” off-road 
racing shocks with 16” of travel were selected for use on each sponson. It was calculated that a 
150 lbs/in tender and a 175 lbs/in main spring would yield the dual rate spring combination that 
was most appropriate for the boat design. Some 16” long, 3.0” Eibach springs with these rates 
were picked for use with the Fox coilover shock. This spring combination results in an initial 
effective spring rate of 80 lbs/in (14,010 N/m) and a roll stiffness of 40,348 Nm (per front/rear), 
and a static sag of 35.5% of the total travel with 1.5” of preload. With these the 2640 lbs 
(estimated) boat will experience 1.32 Gs at a crossover displacement of 10.5”, and 3.36 Gs at 
maximum deflection. 
 
 
Figure 9- The 2.5“ Fox coilover shocks and 3.0” Eibach springs that will be used on each sponson  
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The shocks were taken to Penske Racing Shocks for dyno testing. The results illustrated in 
Figure 10 were of the dyno test near the middle of the shock travel, where the bypass is active. It 
was found that the bypass is active within the limits of 3.75” and 14” exposed shaft length.  
 
 
Figure 10- Fox shock dyno results 
 
The shock damping coefficients are 18.75 lbf-s/in in compression, and -40 lbf-s/in at low shaft 
speeds, and considerably less at higher shaft speeds in rebound.  
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4 Finite Element Analysis 
4.1 Thin walled tubes used for Tri/quad pods 
FEA simulations were performed in SolidWorks. The setup for the simulations involved 
modelling the tubular members of the tri/quad pods as 1D beams. The hub or clevis at the 
sponson end of the tri/quad pods was made rigid (indeformable) and was rigidly connected to the 
tubular elements. Apart from this there were no constraints on its movement. The bungs at the 
fuselage end of the tubular elements were excluded from the analysis, and the ends of the 
members that connect to the bungs, were themselves fixed for translation but were free in 
rotation. All other attachments, like the suspension arm attachments, were also excluded. Three 
load cases were considered with a point force of 200 kN applied at the tip; the force was applied 
either upwards, backwards and inwards. Static as well as buckling analysis were performed for 
all three load cases.  
 
 
Figure 11- Quad pod FEA setup 
 
Figure 12- Quad pod FEA results 
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Table 3 and Table 4 below summarize the results for each tri/quad pod with 63.5 mm (2.5”) 
outer diameter tube elements. For each member the tube thickness is presented alongside the 
maximum stress it experienced and its corresponding loading direction. The maximum 
displacement of the node (in any direction) and buckling load factor are also presented for each 
loading direction. 
 
Table 3- Front sponson results  
 
Table 4- rear sponson results 
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The material chosen for the tube members is 316L stainless steel (cold drawn) seamless tubing. 
This has a yield stress of 380 MPa and an ultimate stress of 585 MPa. The aim of the analyses 
was to avoid failure (as defined by fracture at the ultimate stress of 585 MPa) and buckling, 
whilst not making the tubes overly heavy. All the members have been sized to the minimum 
commercially available thickness that meets the buckling and failure requirements. The 
numbered tube elements in Table 3 and Table 4 are illustrated in Figure 13. 
 
 
Figure 13- Numbered tri/quadpod tube elements 
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5 Manufacture of the Suspension components 
5.1 Suspension Arms 
The progress made towards completing the boat was exhibited by some of the parts that were 
fabricated. The design of the bungs that connect the tri/quad pods to the fuselage was completed 
by Desheng Yao, a previous student, who also oversaw their fabrication through to completion 
[6]. He also partially designed the suspension arms, carrying out various FEA analysis to 
determine the appropriate tube thicknesses.  
 
 
Figure 14- Front upper and lower model suspension arm 
 (rear view) 
 
Figure 15- Front upper and lower suspension arm model  
(trimetric view) 
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From his work it was determined that the front upper arm will have tube elements listed in Table 
5, whilst the front lower, and both rear arms will be made up of tube elements that have a wall 
thickness of 0.083”. 
 
Table 5- Front upper arm element wall thicknesses 
 
Element  
Number 
Wall Thickness  
(inches) 
1 0.083 
2 0.120 
3 0.083 
4 0.120 
5 0.156 
6 0.083 
7 0.095 
8 0.120 
9 0.120 
 
Figure 16- Front upper arm tube elements 
 
 
5.1.1 Bracket and Clevis design and fabrication 
To pick up where Desheng Yao left off, the joints that connect the suspension arms to each other, 
to the tri/quad pods and to the sponsons, were designed. These were comprised of a clevis and a 
bracket, which were made interchangeable to ease and lower the cost of manufacture as each part 
occurs 16 times throughout the suspension boat design.  
Whilst the bracket was fairly straight forward to design, taking into consideration the strength 
and weight requirements and the best shape for the tube elements to weld to, the clevis design 
was more detailed. The tube-side face along the axis of the main bolt is extended for increasing 
the surface area for the incoming tube to weld to. This face is skew to allow enough space for the 
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bracket on the other end of the tube to mount to the opposing clevis on another suspension arm, 
as illustrated in Figure 18. This extended face has a shaved off portion, and a divet is included on 
the bottom of the clevis to reduce as much weight as possible as seen in Figure 17.  
 
 
Figure 17- Clevis design 
 
Figure 18- Assembled clevis and bracket hinge 
 
A hinge shaft through which the main bolt is located, and the bearings are mounted to, is seated 
within the clevis. The hinge shaft is bolted onto the side of the clevis to prevent it from rotating. 
Two flanged sleeve bearings with the trade name iglide T500 bearing by igus are pressed into 
each bracket. These bearings are made of a plastic with high static compressive strength (150 
MPa) and they are corrosion resistant. 
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Figure 19- Clevis and bracket joint assembly 
 
Figure 20- Model of the clevis and bracket joint assembly 
 
Once these were designed, their fabrication was outsourced, and they were machined out of 316L 
stainless steel. This material was chosen because it met the strength requirements, is corrosion 
resistant making it suitable since the boat will operate in corrosive sea water, and can be welded 
to the tubes to form the suspension arms. 
 
 
Figure 21- CNC machined clevis 
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Whilst the clevises were machined to completion, the brackets were left with square ends to be 
profiled later. Delaying this step gave extra leeway to fine tune the design. Profiling was later 
completed using a waterjet cutting machine.  
 
 
Figure 22- Profiling the bracket using the waterjet cutter 
 
Figure 23- The final product of the bracket 
 
5.1.2 Tubular Elements 
After the designs of the tri/quad pods and the suspension arms were completed, attention was 
turned to their fabrication. A plasma tube cutter, Figure 24, of a local company was used for 
cutting all the tubes. A custom code developed in-house allowed arbitrarily complex cuts to be 
made as illustrated in Figure 25. The code output G-code that ran the plasma cutter.  
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Figure 24- The plasma cutter that was used 
 
Figure 25- The higher complexity profiles that were achieved 
 
The code was tested with a mock suspension arm, Figure 26, and proved to be a reliable way to 
profile the tubes that results in a near net shape final product. The tubes would only need some 
minor grinding before they are finally welded together.  
 
 
Figure 26- Mock suspension arm 
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Once this process was refined, the tube elements for the upper and lower suspension arms on the 
front sponson were cut out of various thickness 2” diameter 316L stainless steel tubes.  
 
5.1.3 Jig and Welding 
A jig was fabricated to locate the individual suspension arm components so that they can be 
welded together to form the upper suspension arm. This was comprised of two mild steel square 
tubes onto which tabs were welded. The square tube was cut to length and faced off to ensure 
they were square. The outer tabs were welded to the ends of the tubes. Spacers that fit around a 
rod that ran through the tabs were then used to locate the inner tabs for welding.  
 
 
Figure 27- Using the waterjet machine to cut the tabs for the jig 
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Figure 28- Welding the tabs to the square tubes 
 
Figure 29- Part of the suspension arm jig 
 
The clevises and brackets were bolted to the tabs. These were designed not only to locate the 
clevises and tabs at the right distances apart, but also to orient them correctly and ensure that 
they do not move during welding. A sheet of 0.75” medium density fiberboard (MDF) was cut 
using the waterjet machine. The cut-out was used to locate the square tubes as well as the tube 
elements of the suspension arms. 
 
 
Figure 30- Cutting the MDF board on the waterjet machine 
 
Figure 31- Assembled suspension arm jig 
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Once the splatter and soot from the plasma cutter was cleaned off the tube element profiles using 
the belt sander and a die grinder, they were assembled in the jig, which was clamped down to a 
table before the suspension arm was TIG welded. 
 
 
Figure 32- Welding the upper left suspension arm for the front sponson 
 
The diagonal tube that runs through the middle of the suspension arm between the two brackets 
was excluded from the jig initially. The brackets were welded completely to the two other tubes 
connected to them first (as seen in Figure 32) before the jig was disassembled and this diagonal 
tube was incorporated. This ensured that the tubes were fully welded to the clevises and brackets 
since the diagonal tube would have otherwise covered part of the tubes that needed to be welded. 
The clevises and the diagonal tube could then be welded.  
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Figure 33- The suspension arm (without the out-of-plane tubes)  
 
Figure 34- A close-up of the bracket welded up 
 
Once the five in-plane tubes were completely welded up, the out-of-plane tubes were welded to 
them, completing the suspension arm. 
 
 
Figure 35- Completed suspension arm 
 
Figure 36- Completed suspension arm (top view) 
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5.2 Quad/Tri pod design and fabrication  
The pivot connection towards the front of the sponsons was also designed. A hub that houses the 
spherical bearing was modelled, along with a hub cap, spacers, and the sponson mount. In 
addition to ensuring that it was strong enough, the hub was also designed to be mounted at a 
misalignment of 5 degrees to reduce the axial force on the spherical bearing, since its axial 
strength is only about 20% of its radial strength. The bearing that was found to be the best suited 
for this design is the Aurora HCOM-16TKH which is a strong (427.6 kN static load limit), 
corrosion resistant bearing with a polytetrafluoroethylene (PTFE) coating on the bearing surfaces 
for self-lubrication. The housing was made with a press fit for the bearing.  
 
 
Figure 37- Annotated hub assembly model 
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The hub caps were fabricated in-house. Their relatively simple geometry meant that they could 
be fabricated using the waterjet machine. The finished parts and the Aurora bearing are shown in 
the figures below.  
 
 
Figure 38- Final product of the hub and hub cap 
 
Figure 39- Final product of the sponson mount 
 
 
Figure 40- Aurora HCOM-16TKH bearing 
 
 
Figure 41- Aurora HCOM-16TKH bearing (side view) 
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6 Conclusion and Future Work 
The goals of this project were to further the progress of the high-speed composite suspension 
boat being developed by the Composites Lab at Lehigh University. Specifically, the suspension 
was the focus of this body of work. The antiroll bar and tri/quad pods that are integral to the 
function of the suspension were designed and analyzed to ensure that strength requirements are 
met, while weight is kept low. Various parts from the suspension arms and the tri/quad pods 
were designed and fabricated using resources available at Lehigh University as well as outside. 
The parts that were completed were the hubs, hub caps, sponson mounts, clevises, brackets and 
upper left suspension arm. Left outstanding were antiroll bars, tri/quad pods and the rest of the 
suspension arms. In conclusion, significant progress was made towards the completion of the 
suspension of the boat.  
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